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This thesis proposes a comprehensive view of teleconnection between the El Niño and Southern 
Oscillation (ENSO) and the Indian Ocean (IO). This study aims to 1) better understanding of dynamics 
underlying ENSO-IO teleconnection, 2) investigation of possible strengthening mechanisms of ENSO-
IO teleconnection with multi-decadal climate change, 3) identification of ENSO-related predictability 
sources in dynamical seasonal prediction and future prospection. 
From these perspectives, this dissertation consists of following chapters. Chapter 1 summarizes 
current issues respect to ENSO teleconnection and research objectives. Chapter 2 investigates dynamics 
underlying ENSO teleconnection to regional precipitation around the IO. There are clear evidences in 
strengthening relationship of the ENSO-IO teleconnection since 1990s. Hence dynamics of 
strengthening ENSO-IO teleconnections are assessed with respect to decadal change of zonal sea 
surface temperature (SST) gradient in the equatorial Pacific Ocean. Chapter 3 assessed prediction skill 
and predictability sources of rainfall around the IO using state-of-the-art seasonal prediction system. 
The ENSO-IO teleconnection in the coupled models and their prospects with future scenarios are also 
investigated from the fifth phase of the Coupled Model Intercomparison Project (CMIP5). 
From these synthetic examinations for the ENSO-IO teleconnection, this thesis suggests that a better 
understanding of regional climate around the IO responses to ENSO with a seasonal evolution 
mechanism, which are intensified dynamical connection since the 1990s. By unveiling the dynamical 
mechanism underlying their decadal change, better seasonal prediction skills are expected with the 
ENSO-related precursors. Dynamical ensemble predictions from the North American Multi-model 
Ensemble show better prediction skills due to the decadal change of the ENSO-IO teleconnection. This 
study could contribute to better mitigations and adaptations of extreme climate variability such as 
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   1.1. Background and motivation 
Current seasonal outlooks highly depend on the El Niño and Southern Oscillation (ENSO) and its 
teleconnection. The ENSO teleconnection is possibly modulated by external forcing such as natural 
variability and anthropogenic forcing. The decadal change in the ENSO teleconnection could be related 
with ENSO variability in the tropical ocean. There were arising evidences of multi-decadal climate 
regime shift in the Pacific Ocean since the late 1990s (Bond, Overland, Spillane, & Stabeno, 2003; 
Overland, Rodionov, Minobe, & Bond, 2008). The equatorial Pacific trade wind has intensified with a 
warming trend of sea surface temperature (SST) over the Indo-Pacific warm pool in recent three decades, 
which is associated with stronger zonal SST gradient (England et al., 2014). The El Niño property also 
shows decadal change during the period with distinctive spatial distributions of SST anomalies after the 
1990s. Unlike conventional El Niño events that show maximum SST anomalies in the eastern Pacific 
(EP), some El Niño events show westward shift of maximum SST anomalies to the central Pacific, 
which are referred to as the central Pacific (CP) El Niño (Larkin & Harrison, 2005), the warm pool El 
Niño (J.-S. Kug, Jin, & An, 2009) or the El Niño Modoki (Ashok, Behera, Rao, Weng, & Yamagata, 
2007). The frequent occurrence of CP El Niño in recent decades is also reported in the previous studies 
(Tong Lee & Michael J. McPhaden, 2010; Yeh et al., 2009). From their different anomalous forcing 
locations, the two types of El Niño also show differences in teleconnection outside the tropics (Frauen, 
Dommenget, Tyrrell, Rezny, & Wales, 2014; Graf & Zanchettin, 2012). For example, tropical rainfall 
and the development of tropical cyclones outside of the equatorial Pacific Ocean show significant 
differences in their geographical patterns and intensities during the two types of ENSO (H.-M. Kim, 
Webster, & Curry, 2009; J.-S. Kug et al., 2009; Lee, Wang, & Enfield, 2010). These diverse El Niño 
events are associated with different periodicity and feedback processes for development of the Pacific 
SST anomalies (Capotondi et al., 2015; Timmermann et al., 2018). From these diverse characteristics 
of each ENSO event, identifying comprehensive ENSO teleconnection is challenging with high 
uncertainty.  
The dynamical mechanisms of the ENSO teleconnection to out of the equatorial Pacific Ocean have 
been discussed in previous studies, for example, the atmospheric bridge (Alexander et al., 2002) and 
the Pacific North American (PNA) pattern (Leathers, Yarnal, & Palecki, 1991). The dynamics of ENSO-
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related climate variability in western Pacific were also investigated such as the Pacific-East Asian 
teleconnection (PEAT; Wang et al. 2000). Diabatic heat source from tropical convection interacts with 
the other region by accelerating local Hadley circulation (Chang & Lau, 1980), such as in the case of 
enhanced convection in equatorial western Pacific in La Niña years. Interaction between ENSO and the 
Indian Ocean (IO) is also important to teleconnection, development and decay of ENSO (Du, Xie, 
Huang, & Hu, 2009; J.-S. Kug & Kang, 2006; Luo, Sasaki, & Masumoto, 2012).  
These ENSO teleconnections are apparently not static so that possibly modulated by changes in the 
background state. The ENSO teleconnection shows different features at interdecadal timescales, aspects 
of which have been associated with the multidecadal climate variability (He & Wang, 2013; J.-W. Kim, 
Yeh, & Chang, 2014). For example, interannual climate variability in the North Pacific Ocean 
apparently changed after the 1990s with the phase shift of Pacific Decadal Oscillation (PDO) from a 
warm phase to its cool phase (Bond et al., 2003; Mantua & Hare, 2002; Overland et al., 2008). The 
Atlantic Multidecadal Oscillation (AMO)-related warming in the tropical and North Atlantic Ocean also 
has a possible modulation on the Pacific Ocean (McGregor et al., 2014).  
From these decadal changes with phase shift of the PDO and AMO in the 1990s, for example, two 
different periods of 1979-1998 (hereafter P1) and 1999-2015 (hereafter P2) show significant differences 
of ENSO influence in various region (e.g. the North Pacific and Indian Ocean in Fig. 1.1). This 
strengthened relationships persistent until boreal spring with similar spatial distributions (Fig. 1.2). 
Especially, the IO shows more obvious decadal changes in ENSO teleconnection even in March-April-
May (MAM) after the mature phase of ENSO. From this perspective, this study investigates dynamics 
underlying the ENSO-IO teleconnection and possible mechanisms of strengthening relationship in the 
recent period. 
The persistent IO response to ENSO is possibly associated with capacitor effect of the IO (Xie et 
al., 2016). The El Niño teleconnection in boreal winter shows an anomalous anti-cyclonic circulation 
in the South Indian Ocean (SIO), which forces downwelling Rossby wave in the SIO where shows 
effective oceanic Rossby wave due to shallow thermocline ridge (Resplandy, Vialard, Lévy, Aumont, 
& Dandonneau, 2009). The El Niño-related SIO warming persist to boreal spring even after the decay 
of El Niño. The IO warming in spring is associated with anomalous easterly in the equatorial IO, which 
generate anomalous anti-cyclonic circulation over the subtropical IO. The decadal change of ENSO 
teleconnection could be associated with strength of anti-cyclonic circulation in the SIO and oceanic 

















   1.2. Objectives 
This study examines dynamical mechanisms of decadal changes in ENSO teleconnection to the IO 
and their implication for seasonal prediction. Several scientific questions are considered for the thesis:  
1) How does ENSO affect to regional climate around the Indian Ocean (dynamical mechanism)? 
2) Why/how did the ENSO teleconnection change?  
3) Does the ENSO teleconnection affect to predictability of dynamical prediction? 
4) How will be in the future?   
From these perspectives, this study investigated decadal changes in ENSO teleconnection, which 
focus on the IO basin. Chapter 2 examines the recent change in ENSO teleconnection with respect to 
dynamical mechanisms with air-sea interaction, and chapter 3 investigates Decadal changes of ENSO 
teleconnection and implication for dynamical seasonal prediction and future prospect. Summary and 






2. Decadal change of the ENSO-Indian Ocean teleconnection since the 1990s 
   2.1. Background 
Atmosphere-ocean interactions in the equatorial Pacific Ocean is dominated by interannual 
variability of ENSO (Hoerling & Kumar, 2002). Anomalous warming over the central to eastern Pacific 
Ocean generate eastward shift of equatorial convection center, which in turn lead to anomalous westerly 
wind above the Pacific Ocean. In upper atmosphere, anomalous convection in central Pacific generate 
divergent wind which is easterly in western to central Pacific. These anomalous atmospheric 
circulations are accompanied by subsidence in western Pacific and anomalous cooling via Bjerknes 
feedback (Bjerknes, 1969). The atmospheric zonal circulation, which is so called Walker circulation, 
also affects the IO basin. The high pressure anomaly and divergent flow in western Pacific is associated 
with easterly in the IO. The IO temperature responds to the easterly wind stress make dipole pattern of 
western IO warming and eastern IO cooling, which is called Indian Ocean Dipole (IOD; Saji et al. 1999). 
The IOD emerges with ENSO development and reaches its mature phase in boreal autumn. The IOD 
decays in winter, when is the mature phase of ENSO, and it shifts to basin wide warming over the entire 
IO in boreal spring. This is called Indian Ocean Basin Mode (IOBM). Developments and decays of the 
two IO modes are highly dependent to ENSO, while the IO modes also affect to ENSO developments 
and decays (J.-S. Kug & Kang, 2006; J.-S. Kug et al., 2006). In this regard, the basin-wide interactions 
are very important to understand ENSO teleconnection to outside of each ocean basin. 
 
   2.2. Data and Methods 
Gridded land surface air temperature anomaly data (0.5 degree) was obtained from the Climatic 
Research Unit (CRU TS4.01). Atmospheric data such as geopotential height and wind were obtained 
from the ECMWF Reanalysis Interim (ERA-Interim). A gridded SST product from the Hadley Centre 
Sea Ice and Sea Surface Temperature (HadISST; Rayner et al. 2003) was used to compare the spatial 
distribution of SST and to compute the Oceanic Niño Index (ONI) indices. The Nino3.4 index was used 
for ENSO index based on the SST anomaly in the Nino3.4 region (170°W-120°W; 5°S-5°N) with 
respect to the 1979-2017 climatology. The NCEP/NCAR reanalysis data and GPCC, covering 1949–
present, were also used for a longer-term analysis. The zonal streamfunction (Ψ), as defined in Yu and 
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Zwiers (2010), is used as a measure of the equatorial zonal circulation. An averaged over 135-170E are 
referred to as PWC in the equatorial western Pacific. The PWC regime shift is calculated with five-year 
running mean PWC using the regime shift index (Rodionov, 2004). 
ENSO teleconnection from the equatorial Indo-Pacific was validated from the tropical relaxation 
simulations using spectral dry dynamical core of an atmospheric general circulation model of the 
Geophysical Fluid Dynamics Laboratory (GFDL). The model resolution is T42 horizontal truncation 
and 20 vertical levels. The tropical relaxation simulations were conducted by nudging vertical profile 
of prognostic variables as the reference state, which is a similar method as Hoskins et al. (2012). The 
tropical relaxation over a specified nudging domain generates anomalous atmospheric teleconnection 
out of nudging domain against a constant forcing maintaining climatology. A differential damping in 
the three lowest levels (0.975, 0.925, 0.875 sigma) for wind with damping time scale of 1.5, 2.5, 4 days 
and 0.375, 0.625, 1 days over ocean and land, respectively. The Newtonian cooling and vertical 
diffusion with a mixing coefficient of 5m2s-1 were included in the model. 
The idealized model experiments were initialized with seasonal mean climatological basic state 
from the ERA-Interim for 1979-2015. The model maintains climatology by subtracting constant forcing 
at each time step, which act as resting basic state with additional forcing. At each time step of 1,200 
seconds, the model prognostic variables (divergence, vorticity, temperature and surface pressure) were 
relaxed towards reference states. Nudging time scale of divergence is 3 hours and the other variables 
are 10 hours. From these simulations, atmospheric responses averaged for 16-20 days after the 
initialization were compared with observational results. 
The Community Earth System Model (CESM) version 1.0.2 with prescribed SST experiment, which 
is running with CAM5, was used to reproduce observed pattern of decadal modulation of ENSO 
teleconnection. The CESM experiments were conducted with horizontal resolution of 2.5 x 1.9 degree 
and fixed carbon dioxide concentration of 367ppm. The monthly climatology of HadISST averaged for 
1979-2017 was used for control experiment. Anomalous SST conditions in the IO and the equatorial 





   2.3. Dynamical mechanism for the ENSO-Indian Ocean teleconnection 
2.3.1. ENSO-related rainfall variability around the Indian Ocean 
   The IO response to ENSO persists longer even after ENSO decay. For example, conventional El 
Niño decays in boreal spring while the IOBM is stronger in spring time (Lu, Ren, Eade, & Andrews, 
2018). A surface heat flux is affected by ENSO via atmospheric bridge (Alexander et al., 2002). This 
atmospheric teleconnection induces SST change in short time scale, but forced ocean shows feedback 
with a longer time scale. Developing and mature phases of ENSO induce weakening Walker circulation 
with an anomalous high pressure with anticyclone circulation over Indo-Pacific region. The anticyclone 
over the Southeast Indian Ocean (SEIO) induces downwelling oceanic Rossby waves with westward 
propagation. The downwelling Rossby waves deepen the thermocline in the SIO which cause warming. 
There is a thermocline ridge in the SIO which induces stronger thermocline feedback to SST. This 
Rossby wave-induced IO warming tend to persist after the decay of El Niño due to slow propagation 
speed of oceanic wave. Precipitation over the SIO increases with more active convection due to 
warming induced by El Niño. North Indian Ocean (NIO) tend to dry in this case because of local Hadley 
circulation induced by the warm and convective SIO. This Indian Ocean Capacitor (IOC) effect affects 
regional rainfall around the IO.  
   There were intensifying signal of the IO response to ENSO since the 1990s (Fig. 1.1), which may 
be associated with stronger IOC in the recent decades. For example, the IO surface temperature response 
to ENSO is strengthened more in the SIO during DJF (Fig. 1.1). On the other hand, this strengthened 
signal tend to move toward the NIO during MAM (Fig. 1.2). This may be associated with northward 
seasonal migration of the maximum solar radiation and intertropical convergence zone (ITCZ). For 
example, IO SST and precipitation climatology begin to move north in March (Fig. 2.1). ENSO-induced 
anticyclones also move to north following the ITCZ shift. Regional precipitation around the NIO also 





Figure 2.1 Time-longitude cross section over the Indian Ocean (60-90°E) of climatological 
SST/precipitation (shaded) and regressed streamfunction at 850 hPa onto DJF Nino3.4 (contour). 
   With strengthened the IO basin response to ENSO teleconnection, regional monsoon responses over 
following three regions around the IO are significant after the late 1990s (Fig. 2.2).  
1. East Africa (EA; 0-12°N, 35-53°E, marked number 1 in Fig 1.3) 
2. Central Asia (CA; 35-50°N, 50-80°E)  
3. West Australia (WA; 35-15°S, 110-130°E)  
Even though amount of precipitation anomalies in the three regions are apparent to smaller than 
those of the strongest monsoon regions such as Indian monsoon and Asian summer monsoon (Fig. 2.3; 
less than 1 mm/day), it would be important to regional drought because their annual mean precipitations 
are small (less than 2 mm/day). Additionally, each region shows different characteristic of seasonal 
cycle of precipitation. For example, EA shows two peak seasons of MAM and SON, which are called 
East African long rain and short rain, respectively. The CA and WA show maximum precipitation in 
FMA and JFM, respectively. ENSO influence also stronger during maximum precipitation season of 
each region. Regional precipitation response to ENSO are strengthened during right after the ENSO 
peak (January to May) in the latter period (1999-2015), which may be associated with intensified IOC 
effects. Regression coefficients in the recent decade are comparable to 15~30% of their climatology per 
1K Nino3.4 SST. For example, regional precipitations fluctuate 30~60% of their climatology in case of 
extreme ENSO with 2K Nino3.4 SST anomaly, which imply that precipitation could be reduced to about 
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half over the EA and CA during extreme La Niña. These values are meaningful because the regions 
show severe drought in the recent decades.  
 
 
Figure 2.2 Regressed DJF precipitation (shaded) and streamfunction at 850 hPa onto Nino3.4 index. 





Figure 2.3 (black line) Seasonal cycle and (bars) regression coefficient respect to DJF Nino3.4 of 
regional precipitation (3-month running mean). Red and blue refer 1979-1998 and 1999-2015, 







Meanwhile, there still have a possibility whether the intensification in recent decade is caused by 
one extreme case or not. From this aspect, correlation coefficients with different sliding moving 
windows are compared (Fig. 2.4). EA precipitation in MAM even show negative correlation with ENSO 
in 1980s, while shift to significant positive correlation in 2000s. We can expect severe drought in EA 
during recent La Niña years. A leave-one-out cross-validation result shows almost identical change with 
small error range, which indicates obvious strengthening positive relationship with ENSO. CA 
precipitation shows positive relationship with ENSO in entire period, while their correlation is not 
significant in 1980s and have wide error range. On the other hand, the error range is much smaller and 
correlation coefficients exceed significant level in 2000s. WA region also shows obvious intensification 
of ENSO teleconnection in the recent decades. 
 
 
Figure 2.4 Correlation coefficient between DJF Nino3.4 and each regional precipitation in peak season 
with (red) 11-year and (blue) 15-year sliding moving windows. Shaded graphs indicate maximum and 
minimum range of leave-one-out cross-validation. Red and blue dashed lines indicate statistical 
significance at p<0.05 of 11-year and 15-year sliding moving windows, respectively. 
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2.3.2. A dynamical mechanism for seasonal evolution of ENSO-IO teleconnection 
   From the intensified ENSO teleconnection to regional precipitation around the IO in the recent 
decades, several climate conditions related with ENSO-IO teleconnection were examined. Following 
components of ENSO-induced regional precipitation change are considered to identify intensification 
of the IOC response to ENSO. 
- Southeast Indian Ocean (SEIO) SLP: 25-10°S, 90-120°E 
- Southwest Indian Ocean (SWIO) SST: 25-10°S, 60-90°E 
- SWIO Precipitation (PREC): 30-10°S, 60-90°E 
- North Indian Ocean (NIO) streanfunction at 850 hPa (SF850): 30-10°S, 60-90°E 
   Figure 2.5 indicates lead-lag relationship in the IO, which is associated with ENSO. The ENSO 
shows its mature phase in boreal winter (DJF) and starts to decay in MAM (black line). The ENSO-
related atmospheric teleconnection in SEIO shows simultaneous relationship (yellow line), which is 
associated with ENSO-related precipitation WA. The SWIO SST, excited by SEIO SLP, shows peak in 
JFM with lagged oceanic response and persists longer after the decay of ENSO (red line). The SWIO 
precipitation is followed by SWIO SST, which is strongest in MAM because the SWIO region exceed 
convective threshold of SST (Fig. 2.1). From the SWIO precipitation, local Hadley circulation and 
anomalous easterly in the equatorial IO is associated with strengthening NIO anti-cyclone (green line). 
The NIO anti-cyclone is associated with anomalous moisture flux from the equatorial IO, which in turn 
lead to precipitation over EA and CA. These lagged ENSO response to the IO are also shown as a 
schematic diagram (Fig. 2.6). The schematic indicates northward shift of the ENSO-induced IO 
response with migration of ITCZ in MAM, which is responsible to strengthening NIO anti-cyclone 
response in MAM.  
The ENSO-induced IOC variability is affected by anomalous high pressure due to subsidence 
in west Pacific region. Influence of the high pressure anomaly on the SEIO is expressed as SEIO SLP. 
SEIO SLP excites downwelling Rossby wave which warms SIO, which is expressed as SWIO SST. 
Warm SIO is accompanied by anomalous convective activity (SWIO PREC), which in turn lead to 
intensified local Hadley circulation and anomalous anticyclonic circulation in the NIO (NIO SF850). 





Figure 2.5 Lead-lag correlation between NDJ Nino3.4 and each climate index (three months running 
mean). Bold lines refer statistical significance at p<0.05. 
 
 




Figure 2.7 Correlation coefficient between DJF Nino3.4 and each regional variable of lagged season 
with 15-year sliding moving windows.  
 
Fig. 2.7 describes lagged IO response to ENSO and their decadal change with sliding windows. As 
indicated in Fig. 2.5, SEIO SLP response is strongest in DJF with simultaneous ENSO teleconnection, 
which in turn lead to SWIO SST warming in JFM. Precipitation response is strongest during FMA, 
which is one month after SST anomaly, because climatological mean SST start to increase for 
convection threshold (Fig. 2.1). Consequently, NIO SF850 shows positive relationship in MAM, which 
indicates anomalous anticyclone. These IO responses to ENSO shows intensification since the 1990s. 





   2.4. Strengthening ENSO-Indian Ocean teleconnection since the 1990s 
   A seasonal evolution of the ENSO-related IO variability was identified, but we still need to 
understand why it was intensified since the 1990s. By solving this problem, we can further understand 
ENSO teleconnection and underlying dynamical mechanisms. These are connected to a precise prospect 
of ENSO teleconnection in the future with better interpretation of manifestations in modeling 
experiments. From these perspectives, it will be paramount to identify 1) what was changed and 2) why 
it was changed since the 1990s.  
 
2.4.1. Decadal change of ENSO-Indian Ocean teleconnection 
Decadal changes in the ENSO-related IO variability are investigated with seasonal evolution for P1 
(1979-1998) and P2 (1999-2015). Simultaneous ENSO teleconnection in DJF P2 shows westward shift 
of anomalous precipitation in the equatorial Pacific Ocean and intensified SEIO anti-cyclone (Fig. 2.8). 
The SEIO anti-cyclone is one of the most important climate variables indicating ENSO-IO 
teleconnection (Fig. 2.5). Strengthening SEIO SLP response to ENSO is associated with intensified WA 
rainfall variability and wind stress forcing which affects to SWIO warming. Stronger SWIO 
precipitation is also represented in P2 due to anomalous easterly and SWIO warming. Significant 
decadal changes are represented in SIO rather than those in NIO, which are clearly represented in Fig. 
2.9. Although westward shift of upper level divergence and associated low level circulations in the 
equatorial western Pacific are connected to strengthening SEIO anti-cyclone in P2, intensity of NIO 
anti-cyclone is comparable with that of P1.  
While the simultaneous ENSO-induced IO teleconnection is pronounced decadal change in SIO, 
the lagged IO response in MAM shows notable decadal differences in NIO. With seasonal evolution of 
SWIO precipitation by northward shift of ITCZ (Fig. 2.1), anomalous SWIO precipitation in MAM 
shows northward shift than that of DJF (Fig. 2.10). From the northward shift, decadal change of ENSO-
IO teleconnection is not confined any more in SIO. Both ENSO-related anomalous anti-cyclones in the 
NIO and SIO show strengthening in P2 than that of P1. With the decadal change, strengthened ENSO-
related IO convection is pronounced with dipole pattern of Indian Walker cell which is not significant 
in DJF (Fig. 2.11). From these strengthening ENSO-IO teleconnections in recent decade, more 
pronounced NIO anti-cyclone is associated with moisture flux from the equatorial IO to EA and CA 
region. In this regard, the strengthened seasonal evolution dynamics of ENSO-IO teleconnection is 
responsible to recent significant relationship between ENSO and each regional rainfall.  
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The intensification of ENSO-IOC relationship arouses many curiosities. Decadal change may be 
caused by changes in ENSO property, mean climate and other possibilities. For example, recent ENSO 
shows SST variability with shifted westward compared to those of 1980s (Fig. 2.10). We still have 
following questions for sources of the decadal change in MAM: 1) Does the stronger SIO response in 
DJF persist to MAM via the seasonal evolution of IOC? or 2) Does the remaining Pacific ENSO forcing 







Figure 2.8 Regressed precipitation (shaded) and wind vector at 850 hPa in DJF onto DJF Nino 3.4 
index. Areas with black dots indicate the statistical significance in the anomalous precipitation at the 5% 
significance level. 
 
Figure 2.9 Regressed velocity potential at 200 hPa (shaded) and streamfunction at 850 hPa in DJF onto 
DJF Nino 3.4 index. Areas with black dots indicate the statistical significance in the anomalous velocity 




Figure 2.10 Same as Fig. 2.8 but for regressed MAM variables onto DJF Nino 3.4 index 
 
 





2.4.2. Seasonal evolution from persistent ENSO teleconnection in the South Indian 
Ocean 
The air-sea interaction and slow-propagating oceanic Rossby wave are responsible for the lagged 
IO response to ENSO. Oceanic response in the IO shows an evidence for strengthening ENSO 
teleconnection. With the enhanced ENSO teleconnection to SEIO anti-cyclone in P2, anomalous warm 
ocean temperature in the SIO is relatively stronger in P2 (Fig. 2.12). ENSO teleconnection in P2 also 
shows narrow cooling in SEIO over west coast of Australia, which indicates a dipole SST anomaly over 
the SEIO. The ENSO-induced dipole pattern in the SEIO is persist until MAM from DJF in P2, which 
is not represented in P1.  
 
Figure 2.12 Seasonal evolution of regressed ocean temperature (shaded) and current vector at 5m onto 




Figure 2.13 Regressed SST (ocean), surface air temperature (land) and wind vector at 850 hPa onto 
DJF Nino3.4. Areas with black dots indicate the statistical significance in the temperature anomalies at 
the 5% significance level. 
The Southeast Indian Ocean Dipole (SEIOD) in this study indicates zonal SST difference around 
subtropics (30-20°S) in the SIO and west coast of Australia. This is obviously distinguished to 
conventional definition of IOD, which is zonal SST gradient in the equatorial IO (Fig. 2.13). The SEIOD 
index is defined as SST difference between the SIO (30-10°S, 60-90°E) and west coast of Australia (30-
15°S, 110-120°E). The strong SST dipole response in the SEIO in recent period could be amplified with 
stronger easterly anomaly via Bjerknes feedback, which in turn lead to strengthened SEIO anticyclone. 
Traditional IOD index (e.g. Saji, 1999) shows significant relationship with ENSO during boreal autumn 
and they don’t have significant relationship in boreal winter that mature phase of ENSO. The ENSO-
IOD relationship persist until December in the recent decades, which arouses doubts for longer 
persistency of IOD mode in P2 (Fig. 2.14). However, ENSO-related SST distributions do not represent 
a dipole pattern in the equatorial IO during DJF in P2 (Fig. 2.13), which implies that strengthening 
ENSO-IOD is mostly contributed by SEIO. The ENSO-SEIOD relationship with sliding moving 
window shows more obvious persistency since 1990s, and it even extended until April in recent several 
years (Fig. 2.14). This ENSO-SEIOD relationship is well matched with intensified SIO response to 
ENSO in the recent period (Figs. 2.8 and 2.10). The persistent SEIOD might have possible influence 




Figure 2.14 Correlation coefficient between DJF Nino3.4 and each Indian Ocean Dipole index of 
lagged season with 15-year sliding moving windows. Top and bottom panels refer IOD (Saji et al. 1999) 
and SEIOD, respectively. Thin and thick line indicate statistical significance at the 5% and 1%, 
respectively. 
Characteristics of SEIOD-induced teleconnection are compared with decadal change. SEIOD before 
the late 1990s is induced by anticyclonic circulation in SIO, which is associated with southerly wind in 
west coast of Australia (Fig. 2.15). This circulation is associated with easterly anomaly in the equatorial 
IO with a pair of anticyclones in NIO and SIO. The anticyclones persist until MAM, which affects wet 
anomalies in CA. However, significant SEIOD pattern cannot persistent until MAM because SEIOD 
cannot maintained with northward shift of the pair of anticyclones due to seasonal cycle (Fig. 2.1). On 
the other hand, recent SEIOD is associated with more strengthened SEIO anticyclone rather than the 
center of SIO (Fig. 2.16). This implies that northwesterly over the SEIO. The most important difference 
seems that wind direction. Southerly wind in west coast of Australia anomaly before the late 1990s 
makes coastal upwelling while northwesterly in recent decades associated with Ekman transport toward 
northwest coast of Australia. From these differences, recent SEIOD can persist even with northward 
shift of easterly wind anomaly. The SEIOD-induced precipitation in CA is almost similar during both 
P1 and P2, implying that recent strengthening relationship between ENSO and CA precipitation is 





Figure 2.15 (left) Regressed precipitation (shaded) and streamfunction (contour) at 850 hPa onto DJF 
SEIOD index for 1980-1998. (right) Regressed SST (ocean), surface air temperature (land) and wind 
vector at 850 hPa onto DJF SEIOD index for 1980-1998. Areas with black dots indicate the statistical 
significance in the precipitation and temperature anomalies at the 5% significance level. 
 
 
Figure 2.16 (left) Regressed precipitation (shaded) and streamfunction (contour) at 850 hPa onto DJF 
SEIOD index for 1999-2015. (right) Regressed SST (ocean), surface air temperature (land) and wind 
vector at 850 hPa onto DJF SEIOD index for 1999-2015. Areas with black dots indicate the statistical 
significance in the precipitation and temperature anomalies at the 5% significance level. 
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The CESM1 atmospheric general circulation model (AGCM) experiments (i.e. CAM5) with 
prescribed SST anomalies support the role of SEIOD. Three AGCM experiments were performed to 
compare the role of SEIOD: climatology, climatology with dipole SST anomaly and monopole SST 
anomaly (Fig. 2.17). Each experiment was integrated for 40 years with realistic annual cycle and last 
35 years were averaged to compare the role of each SST anomalies. From these experiments, responses 
of dipole and monopole SST anomaly are compared by subtracting result of run with SST climatology 
(Fig. 2.18). Both dipole and monopole experiments show SEIO anti-cyclone in DJF and enhanced 
SWIO precipitation with seasonal cycle. With the similar overall circulation patterns between the two 
experiments, there is a notable difference in intensity of SEIO SLP. The SEIO SLP response is relatively 
stronger in dipole SST experiment and its difference is more obvious in MAM. From the difference in 
strength of SEIO circulation, SWIO precipitation and NIO SLP responses in MAM are pronounced in 
dipole experiment. In this regard, the role of SEIOD shows consistency in decadal change between P1 
(close to monopole) and P2 (dipole SST).  
There are arousing evidences that the longer persistent SEIOD enhances IOC effected since 1990s. 
With intensified IOC mechanisms, regional precipitations around the IO are significantly associated 
with preceding ENSO since 1990s. The longer persistence of SEIOD possibly associated with ENSO-
related anticyclone in the SEIO. The west coast upwelling of Australia by southerly wind is represented 
before 1990s, which is hard to persist until boreal winter to spring. On the other hand, the west coast 
cooling of Australia by Ekman transport via intensified SEIO anticyclone can persist to boreal winter 
to spring with oceanic condition. The compounding effects of mean state change and ENSO property 
modulate the IO teleconnection, which in turn lead to various uncertainty. In this regard, explaining the 
decadal change with a simple mechanism is challenging. Nevertheless, this study found several 
evidences enhancing ENSO-IOC relationship through SEIOD in the recent decades. Additional 
observational samples and modeling study will help to find the exact dynamical mechanisms, which 





Figure 2.17 Prescribed SST anomalies for CESM1 ACGM experiments. A dipole SST is driven by 
regressed SST anomalies onto the SEIOD index for 1980-2015. 
 
 
Figure 2.18 Responses of precipitation (shaded) and SLP (contour) from prescribed SST anomalies 
with two standard deviation of (top) dipole and (middle) monopole as in Fig. 2.17. Bottom panels 
indicate differences between dipole and monopole experiment. 
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2.4.3. Strengthening ENSO-IO teleconnection in boreal spring with Zonal SST 
gradient in the equatorial Pacific Ocean 
   The persistent SEIOD with ENSO events explained recent strengthening of SEIO anti-cyclone 
which has important role in the seasonal evolution of ENSO-IO teleconnection. However, the previous 
results cannot explain why the ENSO-related SEIOD shows high-persistency from DJF to MAM only 
in P2. There are several possibilities associated with the ENSO-SEIOD relationship such as ENSO 
intensity itself, zonal location change of ENSO, sensitive IO response due to mean state change. The 
SEIO anti-cyclone anomaly by the anomalous heat flux from the SEIOD, while the persistency of 
SEIOD also could be forced by SEIO anti-cyclone with wind stress. For verifying atmospheric forcing 
to ocean via perturbed SEIO anti-cyclone, we need to consider additional forcing from atmospheric 
ENSO teleconnection to SEIO anti-cyclone. The significant relationship between ENSO and SEIO 
anticyclone persists until MAM only in P2, indicating possible role of atmospheric teleconnection (Fig. 
2.19). Decadal change of ENSO teleconnection in MAM could be modulated by timing of ENSO decay 
(i.e. persistency), spatial distribution of ENSO-related convection and mean state change. Persistency 
of Nino 3.4 SST shows no decadal change between P1 and P2 (Fig. 2.19), implying the timing of ENSO 
decay seems to be less important.  
Westward shift of ENSO-related precipitation in the equatorial Pacific Ocean may affect to 
persistent SEIO anti-cyclone in P2 (Fig. 2.10). The ENSO-related precipitation anomaly in the 
equatorial central Pacific (5°S-5°N, 160-200°E) in MAM is mostly weakened with decay of ENSO, 
while westward shift of precipitation anomaly means that timing of weakening central Pacific 
precipitation could be late. The ENSO-related central Pacific precipitation anomaly persists longer in 
P2 than P1, which could be associated with long-lasting SEIO anti-cyclone via Gill-type response of 




Figure 2.19 Lead-lag correlation of three-month running mean climate variables with NDJ Nino3.4 
SST. 
   The westward shift of ENSO teleconnection is strongly associated with variability of the Pacific 
Walker Circulation (PWC). The PWC has an important role in the tropical climate and global 
teleconnection. There have been many efforts to investigate trend and variation of the PWC in the 
historical and future periods. Although it is still controversial, the PWC have been intensified during 
21th century decades and it is expected to weaken in the future scenarios (Meng et al., 2012; Vecchi et 
al., 2006). Especially the PWC in recent three decades showed robust westward shift and strengthening 
with global warming hiatus (England et al., 2014; Ma & Zhou, 2016). The variability of PWC has 
known mainly affected by a zonal SST gradient in the equatorial Pacific Ocean. The year-to-year 
variations of PWC are weakening (strengthening) during El Niño (La Niña) events with a reduction 
(intensification) of the zonal SST gradient. Hence, the variation of PWC is associated with zonal SST 
gradient, which is associated with atmospheric zonal circulation, so that ENSO is responsible for the 
year-to-year variation of the PWC (Hoell, Barlow, & Saini, 2013; Williams & Funk, 2011).  
Even though there have been many studies for the trend of PWC, year-to-year variation of PWC is 
less investigated. Recent profound knowledges for the ENSO diversity arise importance of further 
understanding of the PWC variation associated with diversity of ENSO teleconnection. The SST 
anomalies associated with El Niño are relatively stronger in the central Pacific since 2000s rather than 
in the eastern Pacific. However, multidecadal fluctuations of the year-to-year variations in PWC remain 
unknown in contrast to the trend of PWC itself. At this stage, following results investigate recent 




Figure 2.20 (a) DJFMAM Long-term average of zonal streamfunction (contour) and linear trend 
(shaded) for 1979-2015. (b) Variance of zonal streamfunction (contour) and linear trend of 15-year 
moving window variance (shaded) for 1979-2015. (c) Running mean (black) and variance (red) of zonal 
streamfunction averaged over 135-170E with 15-year moving window. 
 
The long-term average of the PWC, which is depicted by the zonal streamfunction, shows the 
strongest ascending motion near the Pacific warm pool (Fig. 2.20a). The PWC for the recent three 
decades positive zonal streamfunction trend extended toward west of the strongest ascending motion 
and negative zonal streamfunction trend over the IO, indicating westward shift of the strongest 
ascending motion. The strongest year-to-year variability of the PWC is located in the Pacific warm pool 
(~160E), where is the strongest ascending motion of the PWC (Fig. 2.20b). The year-to-year variability 
of the PWC with 15-year moving window exhibits intensifying trend over the Indo-Pacific warm pool, 
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while weakening trend over the central Pacific Ocean. Mean and variance of zonal streamfunction over 
the western Pacific with 15-year moving window indicate that the westward shift of mean and 
variability center of PWC (Fig. 2.20c). 
Leading EOF modes of SST anomalies over the Pacific Ocean exhibit ENSO variability (EOF1) 
and transition mode between central Pacific and eastern Pacific (EOF2), which is consistent to 
Takahashi, Montecinos, Goubanova, and Dewitte (2011). Based on their methods, C-Index and E-Index 
are defined with sum and subtraction of two leading PCs, respectively. Temporal variations of PC1 and 
PC2 are less correlated before 1999 (R = -0.34), while they show higher correlation after 1999 (R = 
0.86). These rapid changes are also represented with 15-year moving window correlation, which has 
maximum decadal regime shift since 1999 (Fig. 2.21). 
 
Figure 2.21 (a-d) Two leading EOF modes of DJF SST anomalies and spatial SST pattern with C-Index 
and E-Index. (e) Time series of PC1 (black) and PC2 (red). (f) Correlation coefficient between PC1 and 





El Niño and La Niña composite anomalies with the two-separated periods (P1: 1980-1998 and P2: 
1999-2016) are represented with respect to the regime shift. SST anomalies during El Niño depict the 
peak over eastern Pacific during P1 while it is represented over central Pacific during P2 (Fig. 2.22). 
The anomalous PWC changes during El Niño years, weakened ascending motion over western Pacific, 
also show westward shift during P2 than those of P1. The Indian Walker cell anomalies are also 
strengthened during P2 El Niño years. La Niña composites between the two periods exhibit relatively 
weak westward shift than those of El Niño years. It is consistent to J. S. Kug and Ham (2011), which 
suggested less distinctive La Niña diversity than that of El Niño. Nevertheless, composite anomalies of 
Pacific and Indian Walker cell during La Niña years also show strengthening during P2.  
 
 
Figure 2.22 (a-d) ENSO composite anomaly of zonal streamfunction and SST anomalies during the 
two periods. Contour lines indicate mean zonal streamfunction of each period. (e-f) Composite 
anomalies of SST (red) and precipitation (blue) averaged between 10S-10N for 1980-1998 (solid line) 




The distinctive westward shift of ENSO teleconnection such as precipitation and atmospheric 
circulation between two periods are consistent to the westward shift of the PWC (Figs. 2.8-2.11). The 
Philippine Sea anticyclone and Southwest Pacific SLP (35-15°S, 155-185°E) response to ENSO is 
stronger during P1 than P2, while the SEIO anti-cyclone response is much stronger during P2 than P1. 
These indicate intensified IO response to ENSO with respect to westward shift of ENSO teleconnection, 
which is associated with recent strengthening of zonal SST gradient in the equatorial Pacific Ocean. 
The zonal SST gradient shows rapid increase in 2000s with intensifying ENSO teleconnection to SEIO 
SLP and central Pacific precipitation and weakening relationship with Southwest Pacific SLP, which 
are consistent to aforementioned decadal changes since the late 1990s (Fig. 2.23). For example, sliding 
window values show significant correlation between running mean zonal SST gradient and ENSO 
relationship with SEIO SLP (0.76) and central Pacific precipitation (0.87) in FMA, which are not 
obvious in DJF (not shown). These significant statistical relationships support strengthening mechanism 
of ENSO-IO teleconnection in boreal spring via atmospheric teleconnection. Lagged ENSO 
relationships with regional precipitation around the IO also show higher statistical relationship with 
zonal SST gradient since 1950s (Fig. 2.23). There is a notable significant relationship between ENSO 
and CA precipitation before 1970s, implying that CA precipitation is also affected by natural decadal 







Figure 2.23 (top) 15-year running mean FMA zonal SST gradient in the equatorial Pacific Ocean 
(black), correlation coefficient between DJF Nino3.4 SST and FMA regional indices (blue – SEIO SLP, 
yellow – central Pacific precipitation, red – Southwest Pacific SLP) with 15-year sliding windows. 
(bottom) 15-year running mean zonal SST gradient in the equatorial Pacific Ocean (black), correlation 
coefficient between DJF Nino3.4 SST and regional precipitation around the IO (blue – FMA CA, yellow 
– DJF WA, red – FMA EA) 
Dynamical mechanism of relationship between zonal SST gradient and strengthening ENSO-IO 
teleconnection is possibly explained by westward shift of the PWC and ENSO variability. Intensified 
SEIO anti-cyclone with the westward shift of ENSO variability is also verified in the idealized dry 
dynamical core experiment (not shown). However, we still have an uncertainty why it is obvious only 
in boreal spring rather than winter. In this regard, AGCM experiments were performed using CESM1 
with two different SST climatology: 1) monthly SST climatology for 1979-2017 (CLIM run) and 2) 
strong zonal SST gradient with additional dipole SST anomaly (GRAD run; Fig. 2.24). The El Niño-
like experiments were conducted with idealized Gaussian distribution of SST anomaly at 210°E in the 
equatorial Pacific Ocean. Four experiments from two climatology with and without El Niño-like forcing 




Figure 2.24 (a) Monthly SST climatology for 1979-2017 prescribed in control experiment. (b) Added 
dipole SST anomaly for (c) SST climatology with strong zonal SST gradient. (d) Idealized SST forcing 
similar to El Niño. 
 
   The CESM experiments with prescribed SST show realistic precipitation response in both CLIM 
and GRAD runs (Fig. 2.25). GRAD run shows relatively stronger precipitation in western Pacific than 
that of CLIM run. The convective activity in western Pacific is favored by higher western Pacific SST 
with additional heat flux and moisture flux by enhanced easterly anomaly. Precipitation in CLIM run is 
centered in western Pacific during DJF while it zonally elongated during MAM, which is contributed 
by an extension of Pacific warm pool toward the eastern Pacific Ocean (Fig. 2.26). On the other hand, 
GRAD run shows precipitation centered in western Pacific, which is close to that in boreal winter. The 
difference between CLIM and GRAD run implies that seasonal cycle from DJF to MAM tends to be 




Figure 2.25 Averaged precipitation from (top) CLIM and (bottom) GRAD run in (left) DJF and (right) 
MAM 
 
Figure 2.26 SST climatology of HadISST for (left) DJF and (right) MAM 1979-2017 
 
   With delayed seasonal cycle in GRAD run, responses from the El Niño-like SST anomaly might 
have different teleconnection patterns. The El Niño-like SST forcing shows increased precipitation and 
low pressure anomaly above the warming (Fig. 2.27). These responses in central Pacific precipitation 
and SLP show similarities with common features of El Niño events. There are some differences in 
anomalous precipitation and SLP between CLIM and GRAD run. GRAD run shows weaker 
precipitation response and weak westward shift in DJF (left panels in Fig. 2.27). On the other hand, 
difference between CLIM and GRAD run in MAM shows more dramatic westward shift more than 10 
degrees, which is enough to modulate central Pacific precipitation and related atmospheric 
teleconnections. Anomalous positive precipitations of CLIM run are centered in the central Pacific 
Ocean during DJF, while the anomalies move to east with seasonal cycle (Fig. 2.25). From the eastward 
shift, anomalous precipitations even show negative in the equatorial central Pacific Ocean during MAM. 
Precipitation responses of GRAD run in MAM are located more west than those of CLIM run, which 
is very close to anomalous precipitation of CLIM run during DJF. The difference between CLIM and 
GRAD run is strongly associated with delaying effect of seasonal cycle with stronger SST gradient. 
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Precipitation and prescribed SST climatology with stronger SST gradient also showed a role of delaying 
seasonal cycle consistent to responses from El Niño-like SST forcing. It is interesting that zonal location 
of ENSO teleconnection is sensitive to decadal mean state. Although this idealized AGCM experiment 
showed modulation of ENSO teleconnection by zonal SST gradient in mean state with limited one way 
forcing from ocean to atmosphere, coupled processes between air-sea interaction may amplify these 
differences. For example, more pronounced easterly wind anomaly and westward shift of precipitation 
may affect to spatial distribution of ENSO development such as ENSO flavors. In this regard, the 
westward shift by the zonal SST gradient have possible association with recent frequent central Pacific 
El Niño events (Tong Lee & Michael J McPhaden, 2010). The frequent central Pacific El Niño events 
also affect to westward shift of ENSO teleconnection. 
 
 
Figure 2.27 Responses in precipitation (shaded) and SLP (contour) from the El Niño-like SST anomaly. 
Top and middle panels indicate climatology of CLIM and GRAD, respectively. Bottom panels refer 






Figure 2.28 (a) Time series of PC1 (black) and PC2 (red) for 1949-2015. (f) Correlation coefficient 
between PC1 and PC2 with 15-year moving windows 
 
 
Figure 2.29 (a, c, e) Regressed anomalies of precipitation (shaded) and low-level wind (vector, wind 
speed less than 0.3 m/s-1K-1 are neglected) onto Nino3.4 SST during the two periods. (b, d, f) Regressed 
anomalies of velocity potential at 200 hPa (shaded) and streamfunction at 850 hPa (contour) onto 
Nino3.4 SST during the two periods. Dots indicate statistical significance at p<0.05. 
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The ENSO diversity apparent to modulate teleconnection in recent several decades with westward 
shift of PWC and strengthened Indian Walker cell variability by ENSO. Although available datasets 
before satellite-era (before 1979) are limited, we further extended analysis period with past data such 
as NCEP reanalysis and GPCC. Tropical leading SST modes show strong positive relationship between 
PC1 and PC2 before the mid-1970s, which is analogous to recent ENSO property since the late 1990s 
(Fig. 2.28). Horizontal circulation pattern with ENSO before the mid-1970s resembles ENSO 
teleconnection since the late 1990s such as weakening northwest Pacific circulation, strengthening west 
Australia and Indian Walker cell (Fig. 2.29).  
However, the westward shift of ENSO-related circulation after the late 1990s is not represented 
before the mid-1970s, implying that we also need to consider long-term climate change with 
anthropogenic forcing. An estimation of future change in ENSO diversity is challenging despite of its 
importance to future ENSO teleconnection with global warming. The CMIP5 experiments with global 
warming scenarios suggested that more frequent CP El Niño than EP El Niño in the future (S. T. Kim 
& Yu, 2012; Yeh et al., 2009). However, the model results are equivocal at this stage, which is likely 





Figure 2.30 Schematics of indicating strengthened relationship between ENSO and the IO with 




   2.5. Summary 
   The strengthening teleconnection between ENSO and IO were investigated in section 2. The 
characteristics of decadal change in ENSO teleconnection are summarized in Fig. 2.30. First, a 
dynamical mechanism for the lagged IO response to ENSO was identified with seasonal evolution. This 
explains a dynamic mechanism for possible ENSO teleconnection to regional precipitation around NIO 
in boreal spring through lagged SIO responses with seasonal cycle. Second, obvious decadal change of 
ENSO teleconnection to the IO was examined with the seasonal evolution mechanism. There were 
arising evidences of strengthening ENSO-related SIO response which is continued to NIO response in 
boreal spring. Rapid increase in zonal SST gradient in the equatorial Pacific Ocean is responsible for 
the recent decadal change through westward shift of ENSO-related teleconnection including the PWC.  
   The necessary conditions for the ENSO-IO teleconnection in the recent decades are also appeared 
in extreme El Niño events. The 2015/16 El Niño event show obvious SEIOD-like SST patterns in SEIO 
and positive precipitation anomaly in the equatorial central Pacific Ocean, which are not represented in 
the previous extreme El Niño events (Fig. 2.31). This implies that results in this study seems to be valid 
for extreme El Niño events as well as weak El Niño events. 
 
 




Recent strengthening of year-to-year variation of PWC as well as its long-term trend is one of the 
most important characteristics for decadal change of ENSO teleconnection. The frequent CP El Niño 
possibly modulate recent intensified teleconnection over the circum-IO. Long-term trend of the ocean 
temperature in Pacific is known as one of the main triggers of the recent regime shift, which affects El 
Niño development with distinct thermocline depth. In the recent decade, ENSO in boreal winter is a 
precursor for drought over east Africa, central Asia and west Australia. Based on this study, further 
understanding of ENSO teleconnection enhances how to interpret ENSO to better seasonal outlook. 
A previous study also investigated westward shift of ENSO-related circulations in equatorial Pacific 
Ocean partly contributed by the stronger zonal SST gradient (Chung & Li, 2013). This study highlights 
the effective westward shift in boreal spring than that of winter due to delaying effect of seasonal cycle 
by zonal SST gradient. While the background mean state could modulate ENSO teleconnection, 
interannual perturbations also could affect to mean state (Wittenberg, Rosati, Delworth, Vecchi, & Zeng, 
2014). This controversy is one of the remaining questions for explaining the recent decadal change. 
There are peer review for significant decadal change of ENSO-IO teleconnection after the 1970s 
(Huang, Hu, & Xie, 2010; Wang, Yang, Zhou, & Wang, 2008; Xie et al., 2010; Xie et al., 2016). They 
found significant climate parameters affecting strength of the ENSO-IO teleconnection. Three major 
parameters were responsible for decadal change since the 1970s: increase in variance of ENSO itself, 
long-lasting IO SST variability after ENSO events, and shallower thermocline depth in SWIO. Although 
these parameters might be associated with recent decadal change after the 1990s, there are no clear 
evidence for significant changes in ENSO variance, persistence of IOSST and thermocline depth in 







3. Implication for dynamical prediction 
   3.1. Background 
The dynamical mechanisms of remote influence from the ENSO teleconnection to the IO was 
discussed in previous results. The profound decadal modulation of the ENSO teleconnection and 
influences on the potential predictability of dynamical seasonal prediction, which has not been 
sufficiently examined in previous studies.  
In recent decades, the state-of-the-art dynamical seasonal prediction systems have been developed 
using coupled climate models that enable comprehensive interactions between the atmosphere, land, 
ocean and sea ice (Palmer et al., 2004). The performance of these seasonal prediction systems has been 
remarkably improved via better initial conditions (e.g., Balmaseda and Anderson 2009), and the 
multimodel ensemble with reducing systematic bias in model experiments (MME; e.g., Krishnamurti 
et al. 1999). The Coupled model intercomparison project phase 5 (CMIP5), in support of the 
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) in 2014, has been 
contributed to understand various inter-model biases and underlying physical processes in dynamical 
models. The CMIP5 includes enormous time scale from paleoclimate simulation to prospect with 
climate scenarios in the future. The upcoming CMIP6 in the IPCC AR6 will show improved 
predictability with essential physical processes elaborated for a last decade.   
Motivated by the above situation, this study further investigates the decadal change of ENSO-IO 
relationship with seasonal evolution using dynamical seasonal prediction and long-term integration with 
increasing greenhouse gases. The dynamical seasonal prediction and long-term integration were 
investigated using the North American Multimodel Ensemble (NMME; Kirtman et al. 2014) and 
CMIP5 historical and Representative Concentration Pathway experiments with 8.5 W m-2 (RCP 8.5), 
respectively.  
From these perspectives, this study consisted of two parts. The first part of this study aims to 1) 
explore decadal modulation of seasonal prediction skill and predictability with the intensified ENSO 
teleconnection, and 2) investigate its contribution with ENSO teleconnection and underlying physical 
processes in the model experiments. Prediction skill and predictability of precipitation and surface air 
temperature (SAT) were assessed in fourteen seasonal reforecast datasets from the NMME, which are 
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currently in operational use. The second part of this study aims to 1) a capability of reproducing the 
ENSO-IO teleconnection with seasonal evolution mechanism in long-term integration, and 2) a future 
prospect for intensity of ENSO-IO teleconnection with increasing greenhouse gases. 38 models in the 
CMIP5 historical and RCP 8.5 were examined for the second part. The dynamical causes, which drive 
the inter-model spreads in the context of the ENSO teleconnection, were also investigated. 
 
   3.2. Data and Methods 
To validate the forecast, we used atmospheric reanalysis data from the NCEP-DOE reanalysis 
available from 1979 to the present(Rienecker et al., 2011) (Kanamitsu et al., 2002). The NCEP/NCAR 
reanalysis data, covering 1949–present, were also used for a longer-term composite analysis with the 
observed ENSO teleconnection. A gridded SST product from the HadISST was used to compare the 
spatial distribution of SST and to compute the NINO3.4 SST anomaly index. The Nino3.4 index was 
used for ENSO index based on the SST anomaly in the Nino3.4 region (170°W-120°W; 5°S-5°N) with 
respect to the 1979-2017 climatology.  
The fourteen state-of-the-art hindcast data sets were used in this study (Table 3.1). Hindcast data 
sets initialized for 1982-2010 were investigated, which have 10 ensemble members that were initialized 
near the first day from every month. Hindcast outputs were examined with different lead times from 
zero to five months targeting for each 3-month seasonal mean. Definition of lead time from each initial 
condition is represented in Fig. 3.1. For example, multimodel ensemble forecasts from initial condition 
around January (green in Fig. 3.1) have model forecast output since January (i.e. lead 0-month). With 
increasing days of model integration, February output has one month longer lead time than that of 
January, which is referred to as lead 1-month. For seasonal forecast output for FMA seasonal mean, 
January, December and November initial conditions are referred to as 1, 2 and 3-month lead time, 
respectively. 
Prediction skill in this study indicates a correlation coefficient between observation and model 
output for each analysis period. Changes in the signal-to-noise ratio (SNR) in the model forecasts were 
compared using definitions by Kumar (2009). The SNR is defined as the ratio of the standard deviation 
of ensemble-mean forecast to the average of standard deviations of individual ensemble member 
forecasts (Kumar 2009). A better prediction skill is usually expected at a higher SNR because of higher 




Table 3.1 Phase-I forecast models of NMME used in this study (source: the North American 











Figure 3.2 CO2 emission pathways. Touched by the IPCC 5th Assessment Report TS.19 
 
The relationship between ENSO and IO and the model-dependent teleconnection patterns was 
evaluated for 38 climate models participating in the Coupled Model Intercomparison Project phase 5 
(CMIP5), as listed in Table 3.2. Both the historical simulations (HIST) and RCP 8.5 were obtained from 
the CMIP5 data archive. The integrations for fifty years of each simulation were investigated after 
removing linear trend of each model. Two fifty periods of 1951-2000 and 2050-2099 were used for 
HIST and RCP 8.5, respectively (Fig. 3.2). Among the 38 models, five models were excluded due to 




Table 3.2 List of CMIP5 models used in this study 
Number Model Historical Period RCP 8.5 Period 
1 ACCESS1-0 1850-2005 2006-2100 
2 ACCESS1-3 1850-2005 2006-2100 
3 bcc-csm1-1 1850-2012 2006-2099 
4 bcc-csm1-1-m 1850-2012 2006-2100 
5 BNU-ESM 1850-2005 2006-2100 
6 CanESM2 1850-2005 2006-2100 
7 CCSM4 1850-2005 2006-2100 
8 CESM1-BGC 1850-2005 2006-2100 
9 CESM1-CAM5 1850-2005 2006-2100 
10 CESM1-WACCM 1850-2005 2006-2099 
11 CMCC-CESM 1850-2005 2000-2100 
12 CMCC-CM 1850-2005 2006-2100 
13 CMCC-CMS 1850-2005 2006-2100 
14 CNRM-CM5 1850-2005 2006-2100 
15 CSIRO-Mk3-6-0 1850-2005 2006-2100 
16 EC-EARTH 1850-2012 2006-2100 
17 FGOALS-g2 1850-2005 2006-2101 
18 FIO-ESM 1850-2005 2006-2100 
19 GFDL-CM3 1860-2005 2006-2100 
20 GFDL-ESM2G 1861-2005 2006-2100 
21 GFDL-ESM2M 1861-2005 2006-2100 
22 GISS-E2-H 1850-2005 2006-2300 
23 GISS-E2-R 1850-2005 2006-2300 
24 HadGEM2-AO 1860-2005 2006-2099 
25 HadGEM2-CC 185912-200511 200512-210012 
26 HadGEM2-ES 185912-200511 200512-229912 
27 inmcm4 1850-2005 2006-2100 
28 IPSL-CM5A-LR 1850-2005 2006-2100 
29 IPSL-CM5A-MR 1850-2005 2006-2100 
30 IPSL-CM5B-LR 1850-2005 2006-2100 
31 MIROC5 1850-2012 2006-2100 
32 MIROC-ESM 1850-2005 2006-2100 
33 MIROC-ESM-CHEM 1850-2005 2006-2100 
34 MPI-ESM-LR 1850-2005 2006-2100 
35 MPI-ESM-MR 1850-2005 2006-2100 
36 MRI-CGCM3 1850-2005 2006-2100 
37 NorESM1-M 1850-2005 2006-2100 





   3.3. ENSO-dependency of dynamical seasonal prediction (NMME) 
3.3.1. Decadal changes in seasonal prediction skill over the Indian Ocean 
The profound decadal changes in the ENSO teleconnection to IO arise a hypothesis that better model 
prediction skill around the IO if models have a capability of reproducing strengthened ENSO 
teleconnection. That’s because the useful prediction skills of ENSO events are known to be maintained 
longer than six months, while skills for regional precipitation and temperature is not pronounced more 
than three months (Becker, den Dool, & Zhang, 2014; Kirtman et al., 2014; Q. Zhang et al., 2011). 
 
 
Figure 3.3 Prediction skill of precipitation from multimodel ensemble mean (MME) from November 






From the hypothesis, seasonal prediction skills from the NMME were separated as the two periods 
as in section 2. The two periods are separated before and after the late 1990s, while the available period 
is shorter than observational analysis (P1: 1983-1998 and P2: 1999-2011) because of limited hindcast 
period in the NMME. Nevertheless, the separated periods have sample years more than 13-year which 
are enough to analysis interannual variability. Prediction skills of precipitation are higher than 0.6 only 
in the equatorial region and western north Pacific during P1, while they tend to expand toward 
subtropics during P2 (Fig. 3.3). These differences in the prediction skill are more obvious over the SIO 
including west Australia (WA). The higher prediction skills in P2 are also appeared in east Africa (EA) 
and central Asia (CA), which are clearer in FMA season than those of DJF. The higher prediction skills 
with different period are somewhat doubtable because they used identical dynamical model and initial 
conditions for entire period. This still has controversy whether the higher prediction skill is contributed 
by additional observations for reanalysis reducing initial condition bias (Riddle, Butler, Furtado, Cohen, 
& Kumar, 2013) or by decadal change of strengthening predictability sources in the observation (Kang 
& Lee, 2017; Kang et al., 2014). The latter argument seems to be more reasonable for this case because 
the regions of higher prediction skill are almost identical to recent strengthening relationship with 
ENSO as indicated in Figs 1.1 and 1.2. In this regard, intensified ENSO teleconnection might be an 
additional predictability source during P2. 
   The regions of higher prediction skill in P2 include regional precipitation around the IO during their 
highest precipitation season such as EA, CA and WA. Hence, the decadal changes in prediction skill 
and ENSO influence are further examined with 15-year moving window analysis. Prediction skills over 
the region of intensified ENSO influence, which are EA, CA and WA, are higher in recent period with 
similar temporal fluctuation to relationship with ENSO (Fig. 3.4). After the late 1990s, prediction skills 
of the three regions reach significant level and their forecast skills are maintained even with increasing 
lead month, while prediction skills are rapidly decrease with increasing lead month before the late 1990s. 
The prediction skills higher than 0.6 even appeared in lead 5-month, which is very elusive out of the 




Figure 3.4 Multi-model ensemble mean (MME) prediction skill (temporal correlation coefficient) of 
regional precipitation around the Indian Ocean during their monsoon season. The colored lines and 
black line indicate the NMME prediction skills with different lead time and observational correlation 
coefficient with Nino3.4 SSTA with 15-year moving window, respectively.  
 
The potential predictability of precipitation over the equatorial Pacific Ocean is higher than 0.8, 
which indicates strong consensus among ensemble members (Fig. 3.5). In the recent decades, the 
potential predictability of precipitation also become higher over the IO, which is consistent to higher 
prediction skill (Fig. 3.3). The differences in potential predictability are more obvious with longer lead 
time, indicating possible predictability source from the ENSO teleconnection. This is also consistent to 
more pronounced decadal differences in prediction skill of regional precipitations with longer lead time 
(Fig. 3.4).  
From these perspectives, potential predictabilities of each regional precipitation are also assessed 
with sliding windows. However, potential predictabilities show no decadal change between P1 and P2, 
which are not consistent to previous results (Fig. 3.6). This arouses that we need other elucidation of 
recent increases in prediction skill of precipitation around the IO. The answer for this question will be 





Figure 3.5 (a) Multi-model mean potential predictability (signal-to-noise ratio) of DJF-mean 
precipitation from NMME for 1983-1998. (b) Same as (a) but for 1999-2011. (c) Potential predictability 
difference between 1999-2011 and 1983-1998.  
 
Figure 3.6 Multi-model ensemble mean (MME) potential predictability (SNR) of regional precipitation 
around the Indian Ocean during their monsoon season. 
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3.3.2. Overestimation of ENSO dependency in the dynamical seasonal predictions 
   From the previous results, following analysis identifies why the model shows higher prediction skill 
of regional precipitation around the IO without increasing potential predictability. First of all, internal 
relationship between ENSO and regional precipitation is compared with sliding windows (Fig. 3.7). 
The internal ENSO teleconnection does not show decadal change and it seems to be higher than that of 
observation as indicated in Fig 3.4. This implies that ENSO is only one predictable parameter for 
modulating regional precipitation anomalies in the model world. Although the dynamical seasonal 
prediction systems cannot reproduce intensified regional precipitation responses to ENSO in the recent 
decades, this does not mean that the models cannot reproduce decadal change of ENSO variability. For 
example, internal ENSO variability in the seasonal prediction systems shows realistic decadal change 
as in observation. The ENSO-related SST shows westward shift in MME (Fig. 3.8). Although SST peak 
in the central Pacific is centered more west in MME during P1, which seems to be affected by stronger 
easterly in the models with cold tongue bias, it shows obvious westward shift during P2 even they have 
only differences in initial condition. 
 
 
Figure 3.7 Multi-model ensemble mean (MME) of correlation coefficient between forecasted DJF Nino 






Figure 3.8 Correlation coefficient between DJF Nino 3.4 index and DJF SST over the tropics (5°S-
5°N). Soild and dashed lines indicate correlation for P1 and P2, respectively. Black and red refer 
observation (HadISST) and MME from December initial condition, respectively.  
 
   Nevertheless the seasonal prediction systems reproduce successful westward shift of ENSO 
variability during P2 as in observation, there is no decadal change in potential predictability of regional 
precipitations around the IO. These are possibly caused by overestimation of ENSO teleconnection in 
the model world. Why it is overestimated in the models? From this question, ENSO-related tropical 
precipitations are also compared because intensified precipitation response in the equatorial central 
Pacific during boreal spring is one of the most important decadal change for the recent strengthening 
ENSO-IO teleconnection. As indicated in section 2, observational ENSO teleconnection shows clear 
difference in central Pacific precipitation between P1 and P2, while MME shows significant relationship 
between ENSO and central Pacific precipitation during both P1 and P2 (Fig. 3.9). This is consistent to 
overestimation of internal ENSO teleconnection to regional precipitations, indicating no decadal change 
between P1 and P2 (Fig. 3.7). The overestimation during P1 is also consistent to westward shift of SST 
variability in MME due to cold tongue bias (Fig. 3.8). In this regard, recent increases in prediction skill 
are less associated with additional predictability source from the ENSO. The regional precipitations in 
the model are always strongly coupled with ENSO variability. The recent intensification observational 
ENSO relationship leads enhanced statistical relationship of regional precipitation between observation 
and MME, which caused an inflation of prediction skill. In this regard, a capability of predicting 






Figure 3.9 Correlation coefficient between DJF Nino 3.4 index and FMA precipitation over the tropics 
(5°S-5°N). Solid and dashed lines indicate correlation for P1 and P2, respectively. Black and red refer 
observation (HadISST) and MME from December initial condition, respectively.  
 
ENSO influence on seasonal prediction skill are further examined by removing linear ENSO 
variation in reforecast. Precipitation skills of NMME over the tropical Pacific Ocean become lower with 
removing ENSO variation as common expectation (Fig. 3.10). Precipitation skills around the IO such 
as east Africa, central Asia and west Australia are also less skillful without ENSO variability, implying 
recent higher prediction skills are primarily caused by ENSO teleconnection. Prediction skill of 
precipitation shows statistically significant skill in the tropics, while it is lower in the mid-latitudes (Fig. 
3.11). Some regions over subtropical region in the northern hemisphere show significant prediction skill 
(e.g. 30°N), while the significant prediction skills are diminished after removing linear ENSO variability. 
This implies that current operational seasonal predictions are primarily rely on ENSO variability and 
recent reliable prediction skill seems to be connected intensified ENSO teleconnection. These excessive 
ENSO dependency of current seasonal prediction systems are consistent to previous results of 
overestimated ENSO teleconnection in model world. In this regard, we need to careful to interpret 
increased prediction skill in the recent decade because we will not have any predictable signal if 




Figure 3.10 (a) Multi-model mean prediction skill (temporal correlation coefficient) of DJF-mean 
precipitation from NMME for 1999-2011. (b) Same as (a) but linear ENSO variation of MME 
precipitation was removed before calculating correlation coefficient.  
 
 
Figure 3.11 (a) Probability distribution of longitudinal grid point prediction skill of precipitation for 
1999-2011 at each latitude. (b) Same as (a) but linear ENSO variation of MME precipitation was 





   3.4. Future prospect and model dependency of ENSO-IO teleconnection 
The intercomparison of NMME well reproduced ENSO-IO teleconnection relationship in the recent 
decades, which implies current state-of-the-art models can reproduce decadal chance of ENSO 
teleconnection with several months. Following results analyze ENSO-IOC relationship in long-term 
coupled general circulation model (CGCM) simulations and future prospect. The CGCMs with long-
term simulation show huge model spread of ENSO-IOC relationships, which indicates large model-
dependency of ENSO teleconnection.  
3.4.1. Model-dependency of the ENSO-IO teleconnection 
The long-term integration of CMIP5 historical simulations reproduces major features of the seasonal 
evolution mechanism for ENSO-IO teleconnection (Fig. 3.12). The lagged teleconnection is followed 
by perturbed SEIO anti-cyclone with simultaneous atmospheric ENSO teleconnection. The SEIO anti-
cyclone forces to SWIO SST which lasts longer with slow-propagating oceanic Rossby wave. The 
SWIO precipitation shows the strongest variability in boreal spring with northward shift of the ITCZ 
(seasonal cycle), which affects to regional precipitation around the IO with the NIO anti-cyclone. These 
processes in the CMIP5 historical simulations seem to be similar with those of observation, while they 
show underestimation of the ENSO teleconnection to SWIO SST and precipitation (Fig. 3.12).  
 
 
Figure 3.12 Lead-lag correlation between NDJ Nino3.4 and each climate index (three months running 









Figure 3.14 Lead-lag correlation between NDJ Nino3.4 and each climate index (three months running 
mean) in (left) 10 weak ENSO-SEIO SLP models and 10 strong models in CMIP5 historical simulations 
 
Among the many climate parameters with respect to seasonal evolution mechanism, the SEIO anti-
cyclone is an important initial process to determine model-dependency in ENSO-IO teleconnection 
because long-lasting ENSO-related SEIO SLP during P2 in boreal spring was the most important to the 
decadal change in observation. The relationship between ENSO and SEIO SLP shows large inter-model 
spread from 0.3 to 0.9 among the CMIP5 historical simulations (Fig. 3.13). From these huge model 
spreads, the strongest 10 models and the weakest 10 models are separated with the correlation between 
ENSO and SEIO SLP. Figure 3.14 describes a difference of ENSO-related seasonal evolution 
mechanism in the two separated model groups. In the strong model groups, lagged responses of SWIO 
SST, SWIO precipitation and NIO anti-cyclone show much intensified relationship with ENSO in the 
model world. This implies that strength of SEIO anti-cyclone is also important to ENSO-IO 
teleconnection in the model world as well as in observation. It also supports a validity of seasonal 
evolution mechanism as discussed in section 2. 
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The spatial distributions of ENSO teleconnection are also investigated to identify what cause the 
differences in intensity of ENSO-IO teleconnection (Fig. 3.15). Both the 10 strong and weak ENSO-
SEIO models show realistic ENSO teleconnection, which shows perturbed SLP with warming in the 
central to eastern Pacific Ocean and the Indian Ocean. These spatial distributions are analogous to those 
of observational extreme El Niño events (Fig. 2.31). The differences between the strong and weak model 
groups show similar characteristics of decadal changes in observation in the IO: the stronger IO SST, 
SEIO SLP, SWIO precipitation, SEIOD and precipitation in the EA and CA. These model dependencies 
seem to be well explained by the seasonal evolution mechanism and it is a plausible relationship. 
 
 
Figure 3.15 Correlation between DJF Nino3.4 and FMA climate variables in 10 strong ENSO-SEIO 
SLP models and 10 weak models in CMIP5 historical simulations. Contour and shaded colors in left 




Figure 3.16 Scatter plot between correlation between DJF Nino3.4 and FMA SEIO SLP (X-axis), and 
correlation between DJF Nino3.4 and each regional precipitation in its peak season among the CMIP5 
historical simulations. Each dot indicates the individual model simulations. 
 
The spatial distributions of regional precipitation around the IO seem to be intensified in the 10 
stronger ENSO-SEIO models. To identify in-depth differences in model dependency of the ENSO 
teleconnection, regional precipitation of individual models in the CMIP5 historical simulations are 
plotted with respect to the ENSO-SEIO relationship. The strength of ENSO-SEIO relationship is highly 
correlated with relationship between ENSO and regional precipitation during each monsoon season 
(higher than 0.56; Fig. 3.16).  
However, there is one notable difference which is not represented in observation. The strong ENSO-
SEIO models show intensified ENSO teleconnection over the entire globe while observational decadal 
change tends to be localized only in the IO (Fig. 3.15). This means that the model-dependency in the 
ENSO-IO teleconnection is identical to intensity of ENSO itself rather than the strengthening seasonal 
evolution mechanism with westward shift of ENSO teleconnection discussed in section 2. For example, 
the 10 models with strong ENSO-SEIO SLP do not show westward shift of ENSO variability (the weak 
ENSO-SEIO models even show more westward shift).  
The relationship between the ENSO and SEIO SLP (i.e. intensity of the ENSO-IO teleconnection) 
shows significant positive correlation (0.65) with ENSO variance among the individual model 
simulations (Fig. 3.17). This implies that the strengthening seasonal evolution mechanism with 
westward shift of ENSO teleconnection cannot explain inter-model dependency of ENSO-IO 
teleconnection. Although we assessed general consensus of SST warming trend in the equatorial Pacific 
(Cai, Santoso, Wang, Yeh, An, Cobb, Collins, Guilyardi, Jin, & Kug, 2015; Vecchi et al., 2006), prospect 




Figure 3.17 Scatter plot between variance of Nino 3.4 SST (X-axis) and correlation between DJF 
Nino3.4 and FMA SEIO SLP (Y-axis) among the CMIP5 historical simulations. Each dot indicates the 
individual model simulations. 
 
 
3.4.2. Future prospect of the ENSO-IO teleconnection 
Among the model-dependent inordinacy ENSO teleconnections show a consistency that stronger 
ENSO-IO teleconnections are accompanied by the SEIO SLP response in model (Fig. 3.14). Although 
the current CGCMs possess uncertainties with huge model dependency and bias, this study investigated 
the future prospect of ENSO-IO teleconnection. Future prospect of the lagged relationship between DJF 
ENSO and FMA SEIO SLP does not show consensus in future change among the individual CMIP5 
model (Fig. 3.18). The individual model simulations show wide range of inter-model spread, indicating 
that 17 models (52%) prospect intensified ENSO-SEIO SLP relationship in the future, while 16 models 
(48%) shows weakened relationship in the future. Although the lagged ENSO-IO teleconnection does 
not show consensus, 20 models (61%) show intensified ENSO-SEIO SLP relationship in DJF 
(simultaneous) and 13 models (39%) shows weakened relationship. These results imply that 
simultaneous ENSO-IO teleconnection in DJF will tend to be intensified in the future, while it will not 





Figure 3.18 Scatter plot of relationship between DJF Nino3.4 and FMA SEIO SLP in the historical (X-
axis; 1951-2000) and RCP 8.5 simulations (Y-axis; 2050-2099) 
 
Figure 3.19 Scatter plot of relationship between DJF Nino3.4 and FMA central Pacific precipitation in 
the historical (X-axis; 1951-2000) and RCP 8.5 simulations (Y-axis; 2050-2099) 
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Why the stronger ENSO-IO in the future emerges only in boreal winter and does not persist to boreal 
spring? The models with enhanced ENSO-SEIO SLP relationship in DJF tend to be contributed by 
intensified ENSO variance (not shown). Previous results explained that intensity of ENSO-IO 
teleconnection is too sensitive to ENSO variance with huge inter-model spread (Fig. 3.17). The central 
Pacific precipitation response to ENSO in FMA season might be associated with the inconsistency of 
future change of stronger ENSO-IO teleconnection between winter and spring. There is obvious 
prospect on the future change of relationship between DJF ENSO and FMA central Pacific precipitation. 
23 models (70%) show weakening relationship between ENSO and central Pacific precipitation in the 
future, while only 10 models (30%) show strengthening relationship (Fig. 3.19). The weakening 
responses of the central Pacific precipitation might be associated with future prospect of decreasing 
zonal SST gradient in the equatorial Pacific Ocean (Cai, Santoso, Wang, Yeh, An, Cobb, Collins, 
Guilyardi, Jin, & Kug, 2015; Vecchi et al., 2006). The weakening zonal SST gradient and the weakening 
PWC, which are opposite to the recent decadal change, affect fast decay of ENSO-related central Pacific 
precipitation.  
As discussed in section 2, weakening relationship between ENSO and central Pacific precipitation 
affects to weakening ENSO-IO relationship. These processes explain why the strengthened ENSO-IO 
teleconnection during winter in the future does not maintain until spring. From the uncertainty of 
ENSO-IO teleconnection in the future, relationships between ENSO and area-averaged precipitation of 




Figure 3.20 Scatter plot of relationship between DJF Nino3.4 and regional precipitation in the historical 




   3.5. Summary 
 The results in section 3 are performed with respect to dynamical coupled model (i.e. CGCMs). 
The model-based results suggest that the recent strengthening ENSO teleconnection is crucial for the 
recent skillful seasonal prediction skill over the regional precipitation around the IO. The majority of 
the operational seasonal forecasting systems support these result in prediction skill, while their potential 
predictability (SNR) does not show increasing predictable signal. The inconsistency between prediction 
skill and predictability is not common features of seasonal prediction, which is doubtable and requires 
novel interpretations. Further investigations for the internal ENSO teleconnection in seasonal prediction 
systems suggest that overestimation of ENSO teleconnection arouses too strong ENSO-dependency for 
the prediction skill. In these regards, prediction skills around the IO are increased without changes in 
potential predictability due to stronger observational ENSO-relationship. This unusual condition is 
associated with overestimation of relationship between ENSO and central Pacific precipitation in the 
current seasonal prediction system, which is primarily connected to cold tongue bias. 
   The ENSO-IO teleconnection in the CMIP5 simulations showed huge inter-model spread which is 
associated with ENSO variance of each individual model. Although most model prospect enhanced 
teleconnection between ENSO and IO during winter in the future, the intensified signal is not 
maintained until boreal spring. The prospects of weakening Pacific Walker circulation and zonal SST 
gradient might be responsible for the decaying ENSO teleconnection during spring in the future.  
   These results suggest that the decadal changes in ENSO teleconnection is important to interpretation 
of seasonal outlook with dynamical prediction. The zonal SST gradient in the equatorial Pacific Ocean 
is an important evidence for determining intensity of ENSO-IO teleconnection in this study. In this 
regard, further researches on the role of zonal SST gradient would be required for better seasonal 







This study suggests a strengthening relationship between ENSO and the Indian Ocean (IO) since 
the 1990s via intensified seasonal evolution mechanism. From the decadal change of ENSO 
teleconnection, there are robust intensification of ENSO-related precipitation variability around the IO 
such as East Africa and Central Asia. Increases in prediction skill around the IO are also found in 
hindcast of the North American Multimodel Ensemble (NMME) after the 1990s. The Indian Ocean 
response to ENSO-related atmospheric teleconnection lasts until boreal spring through the enhanced 
central Pacific precipitation. The increase of zonal SST gradient and westward shift of ENSO 
teleconnection in the equatorial Pacific Ocean is a crucial contributor for the decadal change.  
Several evidences of westward shift of ENSO teleconnection are appeared in the recent decades. 
The strongest upper tropospheric divergence in the western Pacific has been shifted more than 15 
degrees west since 1970s. The westward shift of Walker Circulation is accompanied by westward shift 
of year-to-year variation of Walker Circulation, which is caused by ENSO teleconnection. The 
migration of ENSO-teleconnection shows stronger connection around the IO.  
There also exist possible contributor for the intensified ENSO-IO teleconnection such as the 
Southeast Indian Ocean Dipole (SEIOD) mode and Indo-Pacific warming. The SEIOD persist longer 
until boreal spring since the 1990s, while conventional IOD decays during early winter. The SEIOD 
enhances ENSO-related IO perturbation until boreal spring, which affects strengthened regional 
precipitation responses around the IO to ENSO. Decadal change of ENSO-induced forcing to SEIO and 
gradual warming in the IO are possible contributor for intensified ENSO sensitivity since the 1990s., 
which affect to persistency of Indian Ocean teleconnection and convective thresholds. 
The compounding effects of background mean state and ENSO property modulate the IO 
teleconnection, which in turn lead to various uncertainty. Intercomparison of CGCMs also suggests 
importance of ENSO intensity for the IO teleconnection, while it does not persistent to boreal spring. 
In this regard, explaining the decadal change with a simple mechanism is challenging. Nevertheless, 
there are explainable dynamics for decadal changes in ENSO-IO teleconnection since the 1990s. These 
novel examinations are distinguished to the strengthening ENSO IO teleconnection in the 1970s (Huang 





5. Outlook and future works 
From the above perspectives, background mean state is one of the most important parameter to 
ENSO variability and teleconnection. Both natural decadal variability and anthropogenic warming 
could modulate background mean state with zonal SST gradient. For example, stronger zonal SST 
gradient in the recent decades seems to be associated with global warming hiatus in the 2000s (England 
et al., 2014; Watanabe et al., 2014; L. Zhang, 2016), while the CMIP5 models prospects weakening 
zonal SST gradient (Cai, Santoso, Wang, Yeh, An, Cobb, Collins, Guilyardi, Jin, Kug, et al., 2015; 
Vecchi et al., 2006). From these perspective, further investigation for the role of zonal SST gradient will 
be important to climate predictions from the next decades to next centuries.  
The NMME hindcast shows an inconsistency between prediction skill and predictability for the 
decadal changes since the 1990s. This implies that increase in the recent prediction skill could be 
statistically inflated with the strengthening observational ENSO-IO teleconnection. The unusual 
condition is primarily contributed by systematic model bias such as overestimation of easterly wind in 
the equatorial Pacific Ocean with cold tongue. The better seasonal outlook and dynamical prediction 
are expected by improving dynamical model with better scientific knowledge modulating ENSO 
development and teleconnection. Investigation of the future change of ENSO-IO teleconnection with 
the upcoming CMIP6 in the IPCC AR6 will be useful to understand further scientific knowledges have 
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